Coronaviruses (CoVs) are critical human and animal pathogens because of their potential to cause severe epidemics of respiratory or enteric diseases. In pigs, the newly emerged porcine deltacoronavirus (PDCoV) and reemerged porcine epidemic diarrhea virus (PEDV) reported in the US and Asia, as well as the discovery of novel CoVs in wild bats or birds, has necessitated development of improved detection and control measures for these CoVs. Because the previous pancoronavirus (panCoV) RT-PCR established in our laboratory in 2007-2011 did not detect deltacoronaviruses (δ-CoVs) in swine fecal and serum samples, our goal was to develop a new panCoV RT-PCR assay to detect known human and animal CoVs, including δ-CoVs. In this study, we designed a new primer set to amplify a 668 bp-region within the RNA-dependent RNA polymerase (RdRP) gene that encodes the most conserved protein domain of α-, β-, γ-, and δ-CoVs. We established a one-step panCoV RT-PCR assay and standardized the assay conditions. The newly established panCoV RT-PCR assay was demonstrated to have a high sensitivity and specificity. Using a panel of 60 swine biological samples (feces, intestinal contents, and sera) characterized by PEDV, PDCoV and transmissible gastroenteritis virus-specific RT-PCR assays, we demonstrated that sensitivity and specificity of the newly established panCoV RT-PCR assay were 100%. 400 avian fecal (RNA) samples were further tested simultaneously for CoV by the new panCoV RT-PCR and a one-step RT-PCR assay with the δ-CoV nucleocapsid-specific universal primers. Four of 400 avian samples were positive for CoV, three of which were positive for δ-CoV by the conventional RT-PCR. PanCoV RT-PCR fragments for 3 of the 4 CoVs were sequenced. Phylogenetic analysis revealed the presence of one γ-CoV and two δ-CoV in the sequenced samples. The newly designed panCoV RT-PCR assay should be useful for the detection of currently known CoVs in animal biological samples.
Introduction
Coronaviruses (CoVs) are positive-sense single-stranded RNA viruses that belong to the family Coronaviridae in the order Nidovirales. The family Coronaviridae is genetically and antigenically divided into four genera: Alphacoronavirus (α-CoV), Betacoronavirus (β-CoV), Gammacoronavirus (γ-CoV), and Deltacoronavirus (δ-CoV) (International Committee on Taxonomy of Viruses and King, 2012) . The epidemiological investigation and phylogenetic analysis of CoVs revealed that bats are the likely natural host for the α-CoVs and β-CoVs, while birds are the suspect host for γ-CoVs and δ-CoVs (Bolles et al., 2011; Woo et al., 2012) . To date, there are six CoVs that cause respiratory tract illness in humans, including α-CoVs, human CoV (HCoV)-NL63 and HCoV-229E, and β-CoVs HCoV-OC43, HKU1, the severe acute respiratory syndrome coronavirus (SARS-CoV), and the middle east respiratory syndrome coronavirus (MERS-CoV) . In pigs, there are also two α-CoVs and one δ-CoV that cause enteric disease: porcine epidemic diarrhea virus (PEDV), transmissible gastroenteritis virus (TGEV), and porcine deltacoronavirus (PDCoV), respectively . The other swine α-CoV, porcine respiratory coronarivurs (PRCV), and the swine β-CoV, porcine hemagglutinating encephalomyelitis virus (PHEV), induce respiratory and neurological diseases in pigs, respectively (Saif et al., 2012) .5
Among animals, pigs are susceptible to different α-, β-, and δ-CoVs. In particular, porcine epidemic diarrhea (PED), induced by novel variants of the α-CoV PEDV has re-emerged or emerged with devastating https://doi.org/10.1016/j.jviromet.2018.02.021 Received 31 July 2017; Received in revised form 18 January 2018; Accepted 26 February 2018 impact on piglets in China since late 2010 , in North (2013 and South (2014) Americas, and in Europe in 2015 Langel et al., 2016; Lohse et al., 2017) . More recently, the newly emerging δ-CoV, PDCoV, was identified in diarrheic pigs worldwide in 2014-2015, including the US, Canada, China, South Korea, and Thailand (Dong et al., 2016; Hu et al., 2016; . In pigs, the newly emerged PDCoV and re-emerged PEDV reported in the US and Asia, as well as the discovery of novel CoVs in wild bats, birds or humans has necessitated improved detection and control measures for these CoVs Lin et al., 2016) .
Cross-species transmission plays a key role in CoV evolution, and novel epidemic CoVs can emerge unexpectedly (Hon et al., 2008; Huang et al., 2016) . Thus, the development of molecular methods to detect a broad-range of CoVs, including previously unidentified CoVs, in biological samples from animals is a critical initial step to prepare for potential epidemics by newly emerging CoVs. Previously, a one-step RT-PCR with the pancoronavirus (panCoV)-specific forward (IN-2deg; GGGDTGGGAYTAYCCHAARTGYGA) and reverse (IN-4deg; TARCAV-ACAACISYRTCRTCA) universal primers targeting a 452-bp fragment of the polymerase gene was used to detect a bovine-like β-CoV in the diarrheic feces of a giraffe (Hasoksuz et al., 2007) and an α-CoV in mink feces (Vlasova et al., 2011) . Our preliminary studies revealed that the previously established panCoV RT-PCR assay failed to detect the newly emerged PDCoV in the diarrheic pig feces, although the feces were positive for PDCoV RNA by PDCoV-specific RT-PCR. However testing for α-CoVs (PEDV and TGEV), β-CoV (bovine enteric CoV; BCoV), and γ-CoVs [avian infectious bronchitis (IBV), and turkey CoV (TCoV)] was positive.
Therefore, it was necessary to establish an updated panCoV RT-PCR assay to detect known α-, β-, γ-, and δ-CoVs, including PDCoV. In this study, we developed a new primer set designed to amplify a 668 bpregion within the RNA-dependent RNA polymerase (RdRP) gene of α-, β-, γ-, and δ-CoVs and established a one-step panCoV RT-PCR assay. This newly designed panCoV RT-PCR assay was further evaluated by detecting the CoVs in swine and avian fecal samples collected from the field.
Materials and methods

Viruses and viral RNA stocks
The PDCoV strain OH-FD22 was propagated in LLC-PK cells . Other viruses or viral RNA stocks were obtained after their inoculation into appropriate cell lines or embryonated turkey or chicken eggs as follows: PEDV (PC22A strain) was propagated in Vero cells (Oka et al., 2014) ; TGEV (virulent Miller-M6 strain) in ST cells (Saif et al., 2012) ; BCoV (Mebus strain) in human rectal tumor (HRT)-18 cells (Hasoksuz et al., 2002) ; TCoV (IN strain) in embryonated turkey eggs and IBV (Massachusetts strain) in embryonated chicken eggs (Ismail et al., 2001) . Archival viral RNA samples from porcine rotavirus groups (Rota) A-C, porcine caliciviruses (noroviruses, sapoviruses, and St-Valerien-like viruses), human enteric coronavirus (HECoV, 4408 strain), Canine Coronaviruses (CCoV, UCD1 strain), Feline infectious peritonitis virus (FIPV, type 2 strain 79-1146), Feline coronavirus (FECoV, UCD strain), and bovine torovirus (BToV, B06143 strain) were identified previously by our laboratory, were also used to evaluate the specificity of the panCoV RT-PCR assay.
Samples and RNA extraction
Sixty clinical samples (30 intestinal contents from nursing piglets, and 20 feces and 10 sera from sows) were collected on different pig farms with diarrhea outbreaks during 2015-2016 in Henan, China, and were tested previously for PEDV, TGEV, PDCoV using the established virus-specific RT-PCR assays Kim et al., 2000; Song et al., 2015) . In these selected 60 swine clinical samples, 30 were positive for PEDV, PDCoV, or TGEV (one positive sample only included one CoV virus); the other 30 samples were negative for all 3 viruses ( Table 1 ). The original fecal and intestinal samples were diluted 10-fold with phosphate-buffered saline (PBS), vortexed and centrifuged at 1847 × g at 4°C for 20 min. The supernatant was collected and used to extract viral RNA. Porcine sera were used to extract viral RNA. The total RNA was extracted by RNAplus Reagent (TaKaRa, Japan) following the manufacturer's instructions. The viral RNA was eluted with 50 μl of RNase-free water and was used as template for one-step panCoV RT-PCR.
Four hundred avian fecal RNA samples that originated from wild birds such as mallard and water fowl in Ohio, previously tested for the presence of avian influenza virus (AIV) (provided by Dr. Bowman, Ohio State University, Columbus, OH), were also used to screen for avian CoVs by using the new panCoV RT-PCR assay.
Primer design and synthesis for PanCoV RT-PCR assay
New primers were designed by targeting the RdRp gene that encodes the most conserved protein domain of α-, β-, γ-, and δ-CoVs. The RdRp sequences with full information on isolation/detection/submission of the CoVs were obtained from the GenBank database. The 18 representative CoVs were selected on the basis of their genus (Fig. 1 ). Multiple alignment of nucleotide and amino acid sequences of the RdRp gene from the 18 CoVs was performed by DNAStar 7.0 green (DNAstar, Madison, WI). Using the codon table of the International Union of Pure and Applied Chemistry (IUPAC) system for degenerate bases, a pair of consensus primers was designed and synthesized for amplification of a 668-bp fragment: panCoV-F2 (5′-AARTTYTAYGGHGGYTGG-3′) and panCoV-R1 (5′-GARCARAATTCATGHGGDCC-3′) ( Fig. 1) . . c PEDV was tested by virus-specific RT-PCR (Song et al., 2015) . d TGEV was tested by virus-specific RT-PCR (Kim et al., 2000) .
Amplification conditions for one-step panCoVs RT-PCR assay
The one-step panCoV RT-PCR assay was performed with the QIAgen OneStep RT-PCR kit (Valencia, CA, USA) in a GeneAmp PCR system 9600 thermal cycler (Applied Biosystems, Foster City, CA, USA). The RT-PCR system (25 μL) included 5 × QIAGEN OneStep RT-PCR buffer (5 μL), dNTP (1 μL, final concentration of 400 μM of each dNTP), upstream and downstream primers (25 μmol/L, each 1 μL), RNAsin (40 μ/ μl, 0.25 μL), enzyme mix (1 μL), RNA template (2 μL), with the final volume was made up with RNase-free water to 25 μL. The reaction was conducted with an initial reverse transcription step at 50°C for 30 min, followed by PCR activation at 95°C for 15 min, 35 cycles of amplification (40 s at 94°C, 40 s at 52°C, 1 min at 72°C), and a final extension step at 72°C for 10 min. Negative controls in this assay were a supernatant from uninfected LLC-PK cells and RNase-free water. PCR products were stained with ethidium bromide and visualized on agarose gels using UV-light.
The PCR products were purified using the QIAquick gel extraction kit (Valencia, CA, USA). Both strands of the PCR products were sequenced twice with an ABI Prism 3700 DNA analyzer (Applied Biosystems, Foster City, CA) by using the forward and reverse PCR primers. The sequences of the PCR products were compared with the known RdRp gene sequences of CoVs in the GenBank database.
Sensitivity and specificity of the panCoV RT-PCR assay
To determine the sensitivity of panCoV RT-PCR assay, the RdRp genes were amplified from PDCoV, PEDV and TGEV RNAs by using panCoV RT-PCR assay and the RT-PCR products were cloned into E. coli DH5 using the pMD18-T vector (Takara, China). The plasmids with the RdRp genes of PDCoV, PEDV and TGEV were confirmed by sequencing. The positive plasmid templates were diluted 10-fold (from 1 × 10 7 to 1 × 10 1 copies/μL) and amplified by panCoV PCR assays.
To determine the specificity of the panCoV RT-PCR assay, the RNA samples isolated from the CoVs (PEDV, TGEV, BCoV, TCoV, IBV, PDCoV, HECoV, CCoV, FIPV, FECoV) and some other enteric viruses, including BToV and porcine rotavirus (A-C) and porcine caliciviruses (noroviruses, sapoviruses, and St-Valerien-like viruses), were tested by using the newly designed panCoV RT-PCR assay.
Detection of CoV RNA in clinical samples by panCoV RT-PCR assay
Sixty swine intestinal contents, fecal or serum samples were retested for PDCoV, PEDV, or TGEV RNA in this experiment by virus-specific RT-PCR as published previously Kim et al., 2000; Song et al., 2015) . Of the 60 samples, 30 (22 intestinal contents from piglets, 6 fecal samples from sows, 2 serum samples from sows) were positive for either PEDV, TGEV, or PDCoV RNA. The other 30 intestinal contents or fecal or serum samples were negative for CoV RNA (Table 1) . These samples were then tested by the new panCoV RT-PCR assay to evaluate sensitivity and specificity of the new panCoV. The avian fecal viral RNA samples were tested for CoV RNA by the panCoV RT-PCR assay, and were also tested for δ-CoV simultaneously using a one-step RT-PCR assay with the δ-CoV nucleocapsid-specific universal primers (UDCoVF: 5′-RYWGAYKSNTCNTGGTTYCA-3′ and UDCoVR: 5′-HGTGCCWGTRT-ARTARAAGG-3′) targeting a 194-bp fragment, with the same amplification conditions as the one-step panCoV RT-PCR assay (Vlasova and Saif, unpublished) . Visually positive PCR products or DNA fragments were further sequenced by using the panCoV primers, and the sequence data were subjected to phylogenetic analysis according to our previously reported methods .
Results
Selection of the RdRp gene and design of a RT-PCR primer set for detection of panCoV
The most conserved regions of the RdRp gene of α-, β-, γ-, and δ-CoVs were selected as candidates to design PCR primers; among them, one primer set was selected because it had the lowest numbers of degenerate nucleotides (nt). Forward and reverse primers consisting of 18 and 21 nt, respectively, each contained 5 nt degenerate cores, and the expected amplicon size was 668 bp (Fig. 1) . 
Evaluation of specificity and sensitivity of the newly designed panCoV RT-PCR assay
The reactivity of the newly designed panCoV RT-PCR assay was investiged by testing RNA samples isolated from the following selected animal α-, β-, γ-, and δ-CoVs: PEDV, TGEV, BCoV, TCoV, IBV, PDCoV, HECoV, CCoV, FIPV, and FECoV. The PCR amplicons of the expected size of 668-bp were observed for all the CoVs tested (Figs. 2 and 3) . Cell-culture grown PDCoV at different cell passages (5 and 80) was tested by panCoV RT-PCR assay and confirmed positive, regardless of cell-culture passage number. All the PCR amplicons were purified and sequenced, and the DNA sequences shared 100% homology with the analogous gene sequences available in GenBank (data not shown). No amplification products were observed for the negative controls (cell culture medium and water) and RNA samples from the following selected enteric viruses: BToV, porcine rotavirus (A-C) and porcine caliciviruses (noroviruses, sapoviruses, and St-Valerien-like viruses).
The sensitivity of the panCoV RT-PCR assay was determined using 10-fold dilutions of the recombinant plasmids including the RdRp genes of PDCoV, PEDV or TGEV (1 × 10 7 -1 × 10 1 copies/μL of dilution). The detection sensitivity of panCoV RT-PCR was 1 × 10 3 copies/μL for PDCoV, 1 × 10 3 copies/μL for PEDV, and 1 × 10 4 copies/μL for TGEV ( Fig. 4) .
Use of the panCoV RT-PCR for swine fecal or blood samples
The 60 clinical samples from diarrheic pigs were tested by the newly Fig. 3 . The specificity of the panCoV RT-PCR assays. The amplified bands correspond with the expected amplicon size (668 bp). BCoV: bovine enteric coronavirus (strain Mebus); HECoV: human enteric coronavirus (4408 strain), CCoV: canine coronaviruses (UCD1 strain); FIPV: feline infectious peritonitis virus (type 2 strain 79-1146), FECoV: feline coronavirus (UCD strain); BToV: bovine torovirus (B06143 strain); Neg: negative control; Ladder: DNA ladder 3000 bp marker. Fig. 4 . The sensitivity of the panCoV RT-PCR assays. The RdRp genes were amplified from recombinant plasmids that subcloned the RdRp genes of PDCoV, PEDV and TGEV into the pGEM-T Easy vector. The detection limit of the panCoV RT-PCR assay was determined through 10-fold dilutions of each plasmid (from 1 × 10 7 to 1 × 10 1 copies/μL) and amplified by panCoV RT-PCR assays. Lane M, DNA marker DL2000; Lane N: negative control; Lanes 10 7 -10 1 : recombinant plasmids of PDCoV, PEDV, and TGEV with 10-fold dilutions (1 × 10 7 -1 × 10 1 copies/μL). designed panCoV RT-PCR to evaluate its performance (Table 1) . By panCoV RT-PCR, 30 of 60 samples tested (50%) were positive for CoV RNA: 22 of 30 (73%) intestinal contents of diarrheic piglets; 6 of 20 (30%) fecal samples of diarrheic sows; and 2 of 10 (20%) serum samples of diarrheic sows (Table 1) . The samples were also tested for PEDV, TGEV, or PDCoV RNA by virus-specific RT-PCRs. As shown in Table 1 , sensitivity and specificity of the the new panCoV were 100%.
CoV detection by panCoV RT-PCR and phylogenetic analysis of the RdRp genes of CoVs
Four-hundred avian fecal RNA samples were tested for CoV RNA by the newly designed panCoV RT-PCR assay and also tested for δ-CoV using a one-step RT-PCR assay simultaneously. Only 1% (4 samples) from mallards were positive for CoV and 3 samples were positive for δ-CoV. Three of 4 CoV positive samples were sequenced, and the 3 RdRp gene nt sequences and others of seletected avian-original α-, β-, γ-, and δ-CoVs available in GeneBank were subjected to phylogenetic analysis (Fig. 5) . The results revealed that one of the three was an avian γ-CoV, whereas the other two clustered with avian δ-CoVs. The 2 sequenced avian δ-CoV strains (15OS3996 and 15OS4009) had the closest relationship with wild avian δ-CoV strains from thrush, amazona vinacea and hypsugo savii. While the sequenced avian γ-CoV (strain 15OS4012) was clustered with the anas (duck)-original γ-CoVs.
Discussion
Besides the known swine enteric CoVs, PEDV and TGEV, a new swine enteric CoV, PDCoV, emerged in domestic pigs in the US in 2014, and subsequently in other countries (Dong et al., 2015; Wang et al., 2014) . The clinical signs of young piglets infected with PDCoV resemble those of PEDV or TGEV, which highlights the necessity for the differential molecular diagnosis of these three CoVs, especially in regions where PEDV and PDCoV co-exist, such as the current situation in the US, China, and South Korea (Dong et al., 2015; Lee et al., 2016; Wang et al., 2014) . In our study, the newly designed panCoV RT-PCR primers had high specificity (100%) for the known animal α-(PEDV, TGEV, CCoV, FIPV, and FECoV), β-(BCoV and HECoV), γ-(TCoV and IBV), and δ-(PDCoV) CoVs tested.
We also evaluated its performance by testing porcine fecal and sera samples and comparing the positive rates with those reported by the conventional RT-PCR assay published previously Kim et al., 2000; Song et al., 2015) . In our study, we demonstrated sensitivity and specificity of our newly established panCoV RT-PCR assay to be 100%. The data indicate that the performance of the newly designed panCoV RT-PCR assay was comparable to that of the conventional virus-specific RT-PCR assay previously reported Kim et al., 2000; Song et al., 2015) . Because PDCoV could be of avian origin, we also tested the archival avian fecal RNA samples by the newly designed panCoV RT-PCR assay for the detection of γand δ-CoVs, and a one-step RT-PCR assay with the δ-CoV nucleocapsid-specific universal primers was used to detect δ-CoV simultaneously. We found that the newly designed panCoV RT-PCR assay also successfully detected avian γand δ-CoVs in avian fecal RNA samples, and the two assays had the same results for detection of the δ-CoV positive samples.
Phylogenetic analyses of the spike gene of PDCoV showed that PDCoV were closely related to CoVs isolated from the Asian leopard cats and Chinese ferret badgers (nt similarity ≥ 99.8%) and also wild birds (sparrow, magpie robin), implying the potential interspecies transmission of a δ-CoV between these wild mammals, birds, and pigs (Dong et al., 2007; Jung et al., 2016) . CoVs are frequently detected in the feces of wild birds, which may act as reservoirs for avian γand δ-CoVs analyse (Duraes-Carvalho et al., 2015; Torres et al., 2017) . Phylogenetic analysis revealed that two isolates clustered in the δ-CoVs genus and had the closest relationship with wild avian CoV strains, indicating the existence of δ-CoV in avian fecal samples from the US. The other one belonged to the γ-CoV genus. Complete genome sequencing of these 3 avian CoVs is needed to further characterize these new strains.
Conclusions
The newly established panCoV RT-PCR assay had specificity and sensitivity of 100% and reacted with the following animal α-(PEDV, TGEV, CCoV, FIPV, and FECoV), β-(BCoV and HECoV), γ-(TCoV and IBV), and δ-(PDCoV) CoVs tested, that was comparable to that of the virus-specific RT-PCR assays previously reported Kim et al., 2000; Oka et al., 2014; Song et al., 2015) . The newly designed panCoV RT-PCR assay also successfully detected avian γand δ-CoVs in avian fecal samples. Collectively, the newly designed panCoV RT-PCR assay should be useful for the detection of multiple animal CoVs, regardless of their genera, in animal biological samples.
